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under	 mainstream	 conditions.	 Therefore,	 this	 study	 investigated	 the	 community	
structure	of	inocula	of	different	origin	and	their	consecutive	community	dynamics	in	
four	different	lab-	scale	PNA	reactors	with	16S	rRNA	gene	amplicon	sequencing.	These	




oxidizing	bacteria	 (AnAOB),	 ammonia-oxidizing	bacteria	 (AOB),	 and	nitrite-oxidizing	
bacteria	 (NOB));	 (2)	different	heterotrophic	denitrifying	bacteria	 and	other	putative	
heterotrophic	bacteria	(HB).	The	nitrifying	community	was	the	same	in	all	four	reactors	
at	 the	 genus	 level,	 although	 the	 biomasses	 were	 of	 different	 origin.	 Community	
dynamics	revealed	a	stable	community	in	the	moving	bed	biofilm	reactors	(MBBR)	in	
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1  | INTRODUCTION
Partial	 nitritation	 anammox	 (PNA)	 is	 the	 combination	 of	 anaer-
obic	 ammonium	 oxidation	 (Anammox)	 with	 partial	 nitrification.	
Implementation	of	PNA	for	mainstream	(municipal)	wastewater	treat-
ment	(WWT)	can	result	in	a	paradigm	shift	for	municipal	WWT,	as	it	
holds	 promise	 to	 lower	 energy	 demands,	 enables	 better	 use	 of	 the	
organic	carbon,	and	saves	costs	for	excess	sludge	management	(Lackner	
et	al.,	 2015;	 Siegrist,	 Salzgeber,	 Eugster,	&	Joss,	 2008).	However,	 its	
applicability	to	the	mainstream	is	still	unclear	and	under	investigation.	
PNA	is	a	complex	biotechnological	application	where	controlled	partial	
nitrification	 (nitritation)	 through	 aerobic	 ammonia-oxidizing	 bacteria	




for	 anammox	 activity	 under	 anoxic	 conditions	 (Strous,	 Kuenen,	 &	
Jetten,	 1999).	 Maintaining	 these	 conditions	 is	 challenging	 due	 to	











Despite	 the	 importance	 of	 HB	 for	 the	 PNA	 process—positive	
(Desloover	 et	al.,	 2011;	Wang	 et	al.,	 2010)	 or	 negative	 (Bürgmann,	
Jenni,	Vazquez,	&	Udert,	2011;	Lackner,	Terada,	&	Smets,	2008)—char-
acterization	of	the	heterotrophic	bacteria	has	been	very	limited,	until	
recently.	Only	 a	 few	studies	have	provided	detailed	 insight	 into	 the	
community	 composition	 of	 the	 PNA	 systems	 using	 next-	generation	









enrichment	 reactors	 or	 sidestream	 PNA	 reactors.	 Thus,	 knowledge	




cific	growth	 rates	of	AnAOB.	Such	a	 start-	up	 strategy	 is	even	more	
important	for	mainstream	PNA	systems	due	to	low	temperatures	and	
low	 nitrogen	 concentrations	 and	 thus	 even	 lower	 specific	 activities	
and	growth	rates	of	both	AnAOB	and	AOB	 (Hendrickx	et	al.,	2012).	
However,	previous	studies	have	reported	that	the	PNA	reactors	con-
tain	 only	 one	 dominant	 AnAOB	 (Hu	 et	al.,	 2010;	 Park,	 Rosenthal,	
Jezek,	et	al.	2010),	 indicating	 that	 specific	environmental	 conditions	
might	 support	 one	 AnAOB	 over	 another.	 For	 example,	 anammox	













2010;	 Park,	 Rosenthal,	 Ramalingam,	 et	al.	 2010;	 van	 der	 Star	 et	al.,	
2007;	Wang	et	al.,	2010).	A	 recent	study	highlighted	 the	need	 for	a	
deep	 taxonomic	 resolution,	 that	 is,	 down	 to	 genus	 or	 species	 level.	
They	reported	that	the	biomass	containing	Ca.	Brocadia	fulgida	seemed	
to	be	less	influenced	by	a	decrease	in	temperature	than	biomass	con-









The	question	 remains	how	different	 the	biomass	composition	 in	
different	 full-	scale	 PNA	 systems	 actually	 is,	 and	 thus,	 how	 import-
ant	 it	 is	 to	 choose	 the	 “right”	 inoculum	 considering	 that	 the	micro-






mainstream	 conditions.	 The	 biomass	 originated	 from	 four	 different	
full-	scale	 PNA	 reactors	 at	 three	 different	 locations.	We	 also	 moni-
tored	the	abundances	of	AnAOB,	AOB,	and	NOB	based	on	the	qPCR	
analysis.	The	qPCR	results	suggested	the	presence	of	other	abundant	
microbial	 members.	 Also,	 the	 process	 performance	 data	 revealed	
















2  | MATERIALS AND METHODS
2.1 | Reactor setup and operation
Our	model	systems,	to	gain	comprehensive	insight	into	the	composition	
and	dynamics	of	the	total	microbial	community	of	the	four	different	PNA	






Sweden)	 which	 were	 operated	 as	 described	 in	 Gilbert	 et	al.	 (2015).	
These	reactors	were	of	particular	interest,	as	the	biomass	in	these	reac-
tors	 originated	 from	 four	 different	 full-	scale	 sidestream	 PNA	 which	

















2.2.1 | Sampling and amplicon library preparation
Biomass	samples	were	collected	from	the	reactors	during	operation	
and	stored	at	−80°C	for	further	analysis	(see	also	Suppl.	Information).	
Extracted	 genomic	 DNA	 was	 used	 for	 library	 preparation	 employ-
ing	a	procedure	adapted	 from	Caporaso	et	al.	 (2011).	Using	5	ng/μl 
of	 DNA,	 template	 PCR	 amplification	 (see	 also	 Suppl.	 Information)	
was	 performed	 in	 duplicate	 using	 hypervariable	 region	 V4	 primers	
(targeting	253	bp	partial	16S	 rRNA	gene	 sequence)	 fused	with	bar-





2.2.2 | Sequencing and sequence analysis
The	multiplexed	amplicon	library	was	sequenced	on	a	MiSeq	System	
(Illumina)	 using	MiSeq	 Reagent	 Kit	 v3	 (Illumina).	 Samples	 from	 the	
libraries	were	analyzed	by	a	quick	quality	 check	 to	evaluate	overall	
data	 quality	 (check	 the	 quality	 score,	 the	 occurrence	 of	 ambiguous	
bases	 and	 k-	mer	 abundances).	 Afterward,	 the	 libraries	 were	 pro-
cessed	to	(1)	truncate	read	1	to	250	bp	length	and	discard	read	2;	(2)	
screen	 for	PhiX	contamination;	 (3)	 format	metadata	 for	QIIME;	and	
(4)	remove	unique	reads	and	normalize	libraries	to	an	even	depth	of	
10,000	reads	per	sample.
OTU	 (operational	 taxonomical	 unit)	 picking	 and	 classification	
was	done	using	QIIME	v.	1.7	(quantitative	insight	into	microbial	ecol-
ogy)	 (Caporaso	et	al.,	2010)	with	 its	default	settings.	Overall,	 the	de	
novo	clustering	of	OTUs	was	done	with	97%	identity,	corresponding	
to	 species	 level.	The	 sequences	were	 then	 classified	using	 the	RDP	
(Ribosomal	 Database	 Project)	 classifier	 (80%	 confidence	 thresh-
old)	based	on	 the	 taxonomy	 in	 the	Greengenes	database	 (97%	con-
fidence	 threshold,	version	13.5	May	2013)	 (McDonald	 et	al.,	 2012).	
Additionally,	NCBI	BLAST	database	was	used	to	determine	the	closest	
bacterial	relatives	(having	100%	sequence	homology)	of	the	reported	
OTUs.	 OTU	 representative	 sequences	 have	 been	 submitted	 to	 the	
GenBank	under	the	accession	numbers	KY226724	-	KY228337.
2.2.3 | Data analysis
The	 sequencing	 data	was	 analyzed	 using	 R	 to	 gain	 insight	 into	 the	
overall	community	structure	dynamics	over	 time	 in	all	 four	 reactors	
TABLE  1 Characterization	of	the	inocula	and	reactor	operation	data	(averages	over	the	entire	45	weeks)





Inoculation from	side	stream	SBR none Sweden	from	pilot	plant/effluent	from	side	stream	MBBR







TSS	[g	l−1] 	0.8	±	0.5 2.0	±	0.5 5.7	±	0.5 9.3	±	0.8
VSS	[%] 60	±	5 56	±	0.3 68	±	2 70	±	1.5
Average	DO	[mg	
l−1]
0.09	±	0.15 0.11	±	0.08 0.20	±	0.17 0.25	±	0.13
HRT	[d] 6.3	±	4.8 2.6	±	1.3 1.4	±	0.8 1.5	±	0.9
x90,3,	particle	size	from	Feret	diameter;	TSS,	total	suspended	solid;	VSS,	volatile	suspended	solids;	HRT,	hydraulic	retention	time;	DO,	dissolved	oxygen.
aIC	reactor,	Internal	circulation	reactor.
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individually.	 To	 analyze	 the	 core	 representatives	 of	 the	 microbial	
community,	OTU	count	data	from	QIIME	was	imported	into	R	in	biom	
format	 along	with	 a	mapping	 file	 containing	 sample	metadata.	 Key	
R-	packages	used	 for	analysis	were	phyloseq	 (v1.7.12)	 (McMurdie	&	
Holmes,	2013),	ggplot2	(v0.9.3.1),	and	VEGAN	(v	2.0.9).	The	Phyloseq	
package	was	used	considering	its	function	as	a	wrapper	for	functions	
from	 other	 ecological	 packages	 including	 VEGAN.	 The	 Alpha	 and	
Beta	diversity	 indices	of	 the	samples	were	calculated	 from	the	nor-
malized	 data.	 Community	 dynamics	 comparison	within	 the	 reactors	
corresponding	to	specific	taxa	was	performed	with	constrained	cor-




3  | RESULTS AND DISCUSSION










The	 characteristics	 of	 the	 biomasses	 are	 summarized	 in	Table	1.	
The	biomasses	varied	in	their	physical	structure	(type)	as	a	result	of	the	
reactor	type:	two	inocula	were	from	sequencing	batch	reactors,	sus-
pended	 (SBR1)	and	granulated	 (SBR2)	biomasses,	 respectively,	char-
acterized	by	different	particle	size	distributions.	The	other	two	inoc-
ula	came	on	carrier	materials	with	biofilms	of	maximum	thicknesses	
of	 2	mm	 (MBBR1)	 and	 10	mm	 (MBBR2),	 respectively.	 For	 clarity,	 in	
this	 study,	 the	 total	microbial	 community	was	divided	 into	a	nitrify-





All	 four	 inocula	 had	 similar	 NMC	 diversity,	 constituting	 similar	




the	 relative	 read	abundance	differed	 (Figure	1).	The	classification	of	
AOB	was	 limited	to	the	family	Nitrosomonadaceae.	Therefore,	man-
ual	 search	with	other	databases	 (RDP	classifier	 and	NCBI)	was	per-













































tems	 (Costa	 et	al.,	 2014;	Garcia	Costas	 et	al.,	 2012;	Kindaichi	 et	al.,	
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Rosenthal,	Ramalingam,	et	al.	2010).	The	 reason	 for	detecting	 these	
OTUs	 in	 our	 reactors	was	 that	 the	 biomasses	 originated	 from	PNA	
systems	treating	wastewaters	high	in	nitrogen	concentration.





ditions	 are	 reported	 to	 support	Nitrosomonas europaea-eutropha	 (Li	
et	al.,	2009)	and	Nitrospira	(Park,	Rosenthal,	Jezek,	et	al.	2010).
These	 results	 suggest	 that	very	 similar	NMC	compositions	were	
obtained	 in	 PNA	 systems	 if	 operated	 under	 generally	 similar	 con-
ditions,	 and	 irrespective	 of	 reactor	 configuration.	Our	 results	 are	 in	
partial	 agreement	with	 another	 study	 (Park,	 Rosenthal,	 Jezek,	 et	al.	
2010),	in	which	different	reactor	types	(i.e.,	SBR	and	MBBR	inoculated	
with	different	biomasses)	constituted	Ca.	Brocadia	sp.	40	but	differ-
ent Nitrosomonas	 species.	A	 recent	 study	 (Laureni	 et	al.,	 2015)	 also	
emphasized	the	presence	of	Ca.	Brocadia	in	mainstream	PNA	systems	
exposed	to	complex	substrates	over	other	anammox	species.
Furthermore,	 our	 results	 disclosed	 the	 coexistence	 of	 domi-
nant	 OTUs	 of	 the	 families	 Comamonadaceae,	 Hyphomicrobiaceae,	
Rhodocyclaceae,	 A4b,	 Sinobacteraceae,	 Xanthomonadaceae,	 and	
Ignavibacteriaceae	 in	 all	 the	 inocula,	 although	 with	 diverse	 abun-
dances,	 as	 also	 reported	 in	 previous	 studies	 (Kindaichi,	Yuri,	 Ozaki,	
&	Ohashi,	2012).	Presumably,	these	HB	can	coexist	in	different	PNA	






Based	on	 the	HMC	members	 detected,	 the	 biomasses	 are	met-
abolically	 very	 versatile,	 comprising	 members	 which	 can	 carry	 out	
(partial)	denitrification,	metabolize	organic	carbon	(an)	aerobically,	and	
assist	in	forming	microbial	aggregates.	The	families	Comamonadaceae,	











previously	 (Gilbert	 et	al.,	 2015).	 Here,	 we	 summarize	 the	 opera-
tional	performance	of	these	reactors	and	determine	reasons	for	the	











phase	 II	 (weeks	 16–35),	 temperature	 gradient	 (20°C	 to	 10°C);	 and	
phase	III	(weeks	36–45)	operation	at	10°C.	Table	1	provides	the	main	






Reactor	 performances	 are	 summarized	 in	 Figure	2	 with	 addi-
tional	 details	 in	 S.	 Table	1.	 Initial	 nitrogen	 loadings	 (week	 0)	 were	
highest	 in	 the	MBBRs	 (around	200	g-	N	m−3 d−1),	 followed	by	 SBR2	
(approx.	80	g-	N	m−3 d−1)	and	SBR1	(40	g-	N	m−3 d−1),	which	was	mainly	
attributed	 to	 the	 different	 biomass	 concentrations.	 The	 ammonium	
removal	was	above	90%	and	 similar	 in	 all	 four	 reactors.	By	 the	end	
of	phase	I,	the	nitrogen	loading	was	reduced	to	maintain	the	effluent	
concentration.	The	biomass-	specific	 conversion	 rates	were	between	






















influenced	 differently	 by	 the	 temperature	 gradient,	 although	 influ-
ent	composition	and	operating	conditions	were	the	same	in	all	four	
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bial	 community	 composition	 in	 the	 MBBRs	 was	 relatively	 stable,	
whereas	it	was	highly	dynamic	in	the	SBRs	(Figure	3).	The	response	
of	 the	 community	 composition	 showed	a	high	 correlation	 (ANOVA	
(analysis	 of	 variance),	 p	<	.001)	 to	 the	 temperature	 decrease	 and	
nitrite	 accumulation	 (Figure	2,	 Figure	3).	 The	 influence	 of	 the	 tem-
perature	change	on	community	structure	was	more	significant	for	the	
SBRs	compared	to	 the	MBBRs,	especially	 in	SBR1,	which	exhibited	
a	 continuous	 instability	 during	 the	 entire	 operation,	 corresponding	






































the	MBBRs;	minor	 changes	 appeared	 in	 the	SBRs.	AOB	abundance	
was	low	and	represented	by	the	single	OTU	1573	in	all	the	reactors	
over	 the	 entire	 time.	 The	NOBs,	 also	 represented	 by	 a	 single	OTU	
(Nitrospira,	OTU	475)	(Figure	1b,	Figure	4),	exhibited	a	change	in	the	
relative	abundance	also	in	the	MBBRs,	though	it	was	only	minor;	OTU	















genera	 Rubrivivax,	 Rhodoplanes,	 Dok59,	 Dokdonella,	 Thermomonas,	
and	 some	 unclassified	 members	 of	 the	 phyla	 Chloroflexi,	 Chlorobi,	
Actinobacteria,	and	Acidobacteria.	Few	OTUs	in	the	MBBRs	and	SBRs	
behaved	similarly	in	the	different	phases	(Table	S3).	During	phase	II,	
the	 relative	abundance	of	 some	OTUs	 increased	significantly	 in	 the	
SBRs	 (Figure	1b,	 Fig.	 S7).	 For	 instance,	 Thermomonas	 (OTU	 1663)	
increased,	especially	in	SBR1,	and	this	OTU	accounted	for	up	to	60%	
of	the	total	relative	read	abundance.	Several	other	OTUs	also	showed	
specific	 responses,	 for	 example,	 the	 relative	 abundance	 within	 the	
families	 Comamonadaceae	 (OTU	 726)	 and	 Chromatiaceae	 (OTU	
1364)	 increased	(up	to	10%)	 in	SBR1;	OTU	920	and	OTU	227	from	
genus	 Dok59	 increased	 (up	 to	 9%)	 in	 SBR2.	 No	 significant	 change	
occurred	 in	 the	MBBRs	during	phase	 II.	 In	phase	 III,	 the	abundance	
profiles	of	various	OTUs	associated	to	Chloroflexi	(Anaerolineae	class)	
reduced	 in	all	 the	 reactors.	Additionally,	 the	abundance	of	Chlorobi	
(OTU	1072)	decreased	to	a	fourth	in	SBR1;	however,	it	increased	in	
MBBRs.
3.4 | Interrelationship between microbial 
community, reactor type, and reactor performance
This	 study	 clearly	 showed	 that	 the	 temporal	 community	 dynamics	
were	linked	to	the	reactor	type	and	driven	by	a	temperature	decrease.	
The	communities	 shifted	 in	 all	 reactors	 from	 the	 initial	 inocula	 (Fig.	
S5),	particularly	the	abundance	of	the	nitrifying	community	reduced,	
attributed	to	the	selective	pressure	imposed	by	changes	in	the	opera-










accumulation).	 This	 suggests	 that	 the	 reactor	 configuration	 is	 an	
important	factor.	In	this	study,	biofilm	thickness	differed	significantly	
with	better	performances	for	thicker	biofilms/aggregates.
Despite	 great	 interest	 in	 mainstream	 PNA	 and	 availability	 of	
many	 different	 biomasses	 and	 reactor	 types	 for	 bio-	augmentation,	
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biomass.	We	 found	 a	 strong	 correlation	between	 the	NMC	compo-
sition	 and	 the	 change	 in	 temperature,	 the	 nitrite	 accumulation	 (i.e.,	
performance	 and	 stability),	 and	 the	 reactor	 type	 in	 our	 long-	term	




mass)	 responded	 first	by	a	decrease	 in	AnAOB	population	and	 sud-




ture	 influenced	 abundance	 and	 activity.	 Considering	 these	 reactors	









the	 competition	 for	 nitrite	 imposed	 by	NOB	 and	 denitrifiers,	which	
is	 often	 attributed	 to	 the	 failure	 of	 PNA	 systems	 (Joss	 et	al.,	 2011;	
Lackner	et	al.,	 2015).	Moreover,	NOB	also	 seemed	 to	be	negatively	
influenced	by	 the	 temperature	decrease.	Although	nitrite	was	 avail-
able,	no	increase	in	their	population	was	observed.	Huang,	Gedalanga,	
Asvapathanagul,	 and	Olson	 (2010)	also	 reported	negative	 impact	of	
low	temperature	on	Nitrospira	(also	detected	in	our	study).	The	accu-
mulation	 of	 NO2





consensus	with	previous	 studies	 (Ni	 et	al.,	 2011,	2012),	most	 likely,	
soluble	microbial	products	from	the	NMC	provided	the	carbon	source	
for	the	HMC	members.	Temperature	and	nitrite	concentrations	influ-
enced	 the	dynamics	of	 the	HMC.	For	 instance,	 nitrite	 accumulation	
during	phase	 II	 led	to	an	 increase	of	OTUs	associated	with	Chlorobi	
(Ignavibacteriaceae),	 Xanthomonadaceae,	 Comamonadaceae,	
Rhodocyclaceae,	and	Chromatiaceae,	SJA-	28	(Figure	1b,	Fig.	S7,	Table	





nity	 member	 support	 growth	 of	 others,	 as	 most	 members	 in	 PNA	
biomass	 rely	 on	 exchange	 and	 transfer	 of	 nitrogen	 cycle	 intermedi-
ates	 among	 each	 other	 (Speth	 et	al.,	 2016).	 At	 10°C,	 temperature	
played	 an	 important	 role	 in	 the	 composition	 of	 the	 HMC.	 Except	
Xanthomonadaceae	 (OTU	1663,	 a	 closest	 relative	was	 identified	 as	













The	 detailed	 microbial	 community	 study	 performed	 on	 biomasses	
originating	 from	 different	 full-	scale	 PNA	 sidestream	 systems	 (as	
potential	 inocula	 for	mainstream	 application)	 and	 their	 response	 to	
mainstream	conditions	in	the	four	lab-	scale	reactors	led	to	the	follow-
ing	key	conclusions:	(1)	Differently	configured	PNA	systems	operated	
under	 generally	 similar	 conditions	 revealed	 a	 similar	microbial	 com-
munity	composition	of	the	functional	microbial	community	(i.e.,	AOB,	




their	 significance	 for	 nitrogen	 removal.	 Further	 research	 to	 under-
stand	this	intricate	community	and	its	correlation	with	the	mainstream	
PNA	systems	 in	the	presence	of	external	organic	carbon	along	with	
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